Objective: To evaluate the relationship between early CD4 þ lymphocyte recovery on antiretroviral therapy (ART) and subsequent survival among low body mass index (BMI) HIV-1-infected adults.
Introduction
Sub-Saharan Africa is disproportionately affected by the global epidemics of HIV-1 infection and malnutrition [1, 2] . A low body mass index (BMI; calculated as weight in kilograms divided by height in meters, squared) is a general indicator of a poor nutritional state, and a powerful, independent predictor of early mortality (i.e. within the first 90 days) after starting antiretroviral therapy (ART) [3] [4] [5] . Patients with an attenuated CD4 þ lymphocyte recovery following ART initiation are at greater risk of death than are those with more robust immune reconstitution, but the influence of malnutrition on this observation is unknown [6, 7] . In this analysis, we examine the relationships between baseline BMI, 6-month CD4 þ cell count change, and subsequent mortality among HIV-1-infected adults initiating ART in Lusaka, Zambia.
Methods
We analyzed data from a programmatic cohort of HIVinfected adults (>15 years of age) who initiated ART between 1 May 2004 and 28 February 2009 in the Zambian national program for HIV care and treatment. This program was implemented in the Lusaka district in April 2004 and has been described in detail elsewhere [3, 8] . Briefly, HIV-infected patients are enrolled in care and undergo a history and physical, World Health Organization (WHO) clinical staging, and a CD4 þ cell count. Weight and height (i.e. the components of BMI) are recorded by a nurse at the initial visit, and weight is recorded at subsequent visits. Patients with WHO stage 4 disease; a CD4 þ cell count below 200 cells/ml; or WHO stage 3 disease and a CD4 þ cell count below 350 cells/ml are eligible for ART initiation.
The analysis cohort was limited to patients who were active in the ART program for at least 6 months, had a documented baseline BMI, and had a CD4 þ cell count value recorded at baseline and at 6 months post-ART initiation. Patients who died or were lost to follow-up (i.e. more than a month overdue for their last scheduled clinical or pharmacy visit) prior to 6 months were excluded.
We stratified the analysis cohort according to the WHO categories for malnutrition: severe (BMI <16.00 kg/m 2 ), moderate (BMI ¼ 16.00-16.99 kg/m 2 ), mild (BMI ¼ 17.00-18.49 kg/m 2 ), and nonmalnourished (18.5 kg/m 2 ) [9] . We further categorized patients in each BMI strata according to absolute CD4 þ cell count change from baseline to 6 months (300, 200-299, 100-199, 0-99 cells/ml, or a CD4 þ decline).
We compared the median 0-6-month CD4 þ change between the BMI categories using a Wilcoxon rank sum test. We calculated the adjusted hazard of death from 6 months onward among patients in each dually stratified BMI and CD4 þ change group using Cox proportional hazards regression. Models were adjusted for age, sex, baseline hemoglobin, WHO clinical stage, the presence of active tuberculosis (TB), initial ART regimen, and adherence (calculated as the medication possession ratio from pharmacy refill data) [10] . To account for effect modification associated with baseline CD4 þ cell count [7] , a weighted summary measure was determined by calculating separate hazard ratios across five different baseline CD4 þ categories: below 100, 100-199, 200-299, 300-399, and at least 400 cells/ml. For the post 6month mortality analyses, patients were censored at the time of voluntary withdrawal from the program or when classified as lost to follow-up.
All available patient data through 28 February 2009 were considered. Statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, North Carolina, USA). The study was approved by the relevant ethical review committees.
Results
Between 1 May 2004 and 28 February 2009, 56 612 patients initiated ART at Lusaka district clinics, 48 916 (86%) of whom had a baseline BMI and CD4 þ cell count measurement documented. A further 15 819 (28%) patients were excluded from the analyses: 3549 (6%) died, 5599 (10%) were lost to follow-up prior to 6 months, and 6617 (12%) were missing a 6-month CD4 þ cell count value. Patients who had died or were lost to follow-up prior to 6 months had a lower median BMI compared to those in the analysis cohort (18.6 vs. 20.1 kg/m 2 ; P < 0.01), lower median baseline CD4 þ cell count (115 vs. 142 cells/ml; P < 0.01), lower median hemoglobin (10.2 vs. 11.0; P < 0.01) and a higher prevalence of WHO stage 4 disease (11.6 vs. 7.3%; P < 0.01). Likewise, those without a 6-month CD4 þ cell count had a lower BMI compared to the analysis cohort (19.7 vs. 20.1 kg/m 2 ; P < 0.01), baseline CD4 þ cell count (138 vs. 142; P < 0.05), hemoglobin (10.8 vs. 11.0; P < 0.01), and a higher prevalence of WHO stage 4 disease (9.0 vs. 7.3%; P < 0.01).
Overall, 33 097 (58%) patients remained active in the ART program after 6 months and had a documented baseline and 6-month CD4 þ cell count. Compared to patients in the BMI at least 18.5 kg/m 2 strata, those in the BMI below 16 kg/m 2 strata were younger (33 vs. 35 years), and had a lower median baseline CD4 þ cell count (92 vs. 151 cells/ml), lower median hemoglobin (9.9 vs. 11.2 g/dl), and a higher prevalence of WHO stage 4 disease (13 vs. 6%).
The median change in CD4 þ cell count at 6 months ranged from 127 to 131 cells/ml, despite lower median baseline CD4 þ values in the lower BMI strata ( Fig. 1 ). There was no statistically significant difference between the BMI 16.00-16.99 kg/m 2 and 17.00-18.49 kg/m 2 groups compared to BMI above 18.5 kg/m 2 , whereas there was a statistically, but not clinically, significant difference for the below 16.0 kg/m 2 group (P < 0.05).
The overall post 6-month mortality rate was 1.79 deaths per 100 person-years, and was greater in the lower baseline BMI strata: 1.52 deaths per 100 person-years for the BMI at least 18.5 kg/m 2 group, 2.20 for BMI 17.00-18.49 kg/m 2 , 2.40 for BMI 16.00-16.99 kg/m 2 , and 3.17 for BMI below 16.0 kg/m 2 .
After dually stratifying the cohort according to BMI and the relative 0-6-month CD4 þ cell count change, we calculated the relative hazard of death among patients surviving beyond 6 months on ART (Table 1) . Those patients with a baseline BMI at least 18.5 kg/m 2 and a CD4 þ change of at least 300 cells/ml constituted the reference group. Among patients with a 0-6-month CD4 þ change of less than 100 cells/ml or a CD4 þ decline, the associated hazard generally increased as BMI decreased. Patients with a BMI below 16 kg/m 2 and a CD4 þ increase of 0-99 cells/ml at 6 months had a nearly four-fold increased hazard of death compared to the reference group [adjusted hazard ratio (AHR) 3.93; 95% CI 2.66-5.80], whereas those with a CD4 þ decline had an approximate six-fold increased hazard (AHR 6.08; 95% CI 3.59-10.32). A CD4 þ change of at least 100 cells/ml over the first 6 months of ART was not associated with a higher hazard for mortality compared to the reference group, regardless of baseline BMI.
We performed the same regression analysis within each BMI strata, using those patients with a CD4 þ cell count Malnutrition and immune recovery in Zambia Koethe et al. 2119 Fig. 1 . Changes in median CD4 R cell count 6 months after starting antiretroviral therapy, stratified by baseline body mass index. The median change in 0-6-month CD4 þ cell count in each BMI category ranged from 127 to 131 cells/ml. There were no statistically significant differences between the BMI 16.00-16.99 kg/m 2 and 17.00-18.49 kg/m 2 groups compared to BMI above 18.5 kg/m 2 , whereas there was a statistically, but not clinically, significant difference for the BMI below 16.0 kg/m 2 group (P < 0.05). increase at least 300 cells/ml as the reference (data not shown). A 6-month CD4 þ decline was significantly associated with subsequent mortality in all BMI categories, whereas a CD4 þ change of 0-99 cells/ml was significantly associated with subsequent mortality in all BMI categories except 16.00-16.99 kg/m 2 .
Discussion
In a large, programmatic ART cohort in sub-Saharan Africa, a low baseline BMI and an attenuated CD4 þ cell response at 6 months had a compounding, negative impact on post 6-month survival. A threshold CD4 þ increase of at least 100 cells/ml appeared to normalize the subsequent hazard for mortality across the BMI strata. These findings suggest that immunologic criteria may readily identify patients at risk of poorer long-term outcomes on ART, especially among those with low BMI at treatment initiation.
Few prior studies investigated the relationship of BMI, immune recovery and survival. An analysis from Singapore found no association between BMI and the magnitude of CD4 þ cell recovery, but a low BMI was a significant independent predictor of death for several years following ART initiation [11] . A study from Cote d'Ivoire compared patients with a BMI above and below 18.5 kg/m 2 , and found no difference in the proportion who failed to gain at least 50 cells/ml at 6 months following ART initiation [12] . However, in a study from South Africa, a BMI in the lowest quartile (<17.1 kg/m 2 ) was associated with a failure to achieve a CD4 þ cell count at least 200 cells/ml at 12 months, but data on relative CD4 þ cell change were not provided [13] . To our knowledge, this study is the first large cohort analysis of BMI, early CD4 þ cell recovery and subsequent mortality in a resource-limited setting.
It is important to note that our findings do not address causality. It is unclear if a poor early immune response is a proximate cause of subsequent higher mortality, or if additional factors may confound the association. Malnutrition due to insufficient protein and energy intake is independently associated with immunosuppression, particularly antigen-specific responses, which could retard immune reconstitution [14] [15] [16] . A low BMI may result from a combination of HIV-associated wasting and chronic inadequate energy intake, and the latter may persist despite ART treatment in the absence of sufficient food. Indeed, early weight gain is associated with improved 3 and 6month outcomes on ART [17, 18] , but our analysis did not account for time-varying changes in BMI.
The primary limitation of our study was missing data: 10% of patients were lost to follow-up prior to 6 months and 12% were missing 6 month CD4 þ cell count data.
The observed loss rates are similar to studies from other programmatic cohorts in sub-Saharan Africa [19] . CD4 þ cell count monitoring of patients on ART should occur every 6 months according to national program guidelines, and missing 6-month CD4 þ values could be due to clinician error, refusal of phlebotomy, or lost, damaged, or insufficient specimens, among other causes. The effect of incomplete viral suppression on CD4 þ response could not be assessed as routine HIV-1 viral load monitoring was not available in our program. Our analysis adjusted for medication adherence as determined by pharmacy refill data, but actual patient compliance could not be determined. Finally, the available data did not permit model adjustment for the presence of occult secondary infections and comorbid conditions [with the exception of low hemoglobin and active TB (i.e. on anti-TB treatment)].
The analysis indicates the importance of a robust CD4 þ cell count response among all patients starting ART, but especially among those with low BMI. Clinicians in the Zambian ART program are encouraged to prescribe multivitamins to patients with advanced disease or potentially poor nutrition status, but currently there are no specific algorithms to guide the care of those with low BMI. The World Food Programme and other organizations have implemented limited initiatives targeting food insecure HIV-infected adults at some public-sector clinics; however, no formal, integrated nutritional rehabilitation or supplementation programs exist at this time [20] . Given the geographical overlap of the HIV and malnutrition epidemics in sub-Saharan Africa, the success of ART programs depends in part on improving the outcomes of these particularly vulnerable patients.
